We implement for the first time the simulated annealing method (SAM) to the problem of searching for the global minimum in the hyper-surface of the chi-square function which depends on the values of the parameters of a Skyrme type effective nucleon-nucleon interaction. We undertake a realistic case of fitting the values of the Skyrme parameters to an extensive set of experimental data on the ground state properties of many nuclei ranging from normal to exotic ones. The set of experimental data used in our fitting procedure includes the radii for the valence 1d 5/2 and 1f 7/2 neutron orbits in the 17 O and 41 Ca nuclei, respectively, and the breathing mode energies for several nuclei, in addition to the typically used data on binding energy, charge radii and spin-orbit splitting. We also include in the fit the critical density ρ cr and further constrain the values of the Skyrme parameters by requiring that (i) the quantity P = 3ρ dS dρ , directly related to the slope of the symmetry energy S, must be positive for densities up to 3ρ 0 (ii) the enhancement factor κ, associated with the isovector giant dipole resonance, should lie in the range of 0.1 − 0.5 and (iii) the Landau parameter G ′ 0 is positive at ρ = ρ 0 . We provide simple but consistent schemes to account for the center of mass corrections to the binding energy and charge radii.
I. INTRODUCTION
Since the pioneering work of Brink and Vautherin [1] , continuous efforts have been made to readjust the parameters of the Skyrme type effective nucleon-nucleon interaction to better reproduce experimental data. Most of the parameters of the Skyrme interactions available in the literature were obtained by fitting the Hartree-Fock (HF) results to experimental data on bulk properties of a few stable closed shell nuclei. Only recently, several families of the Skyrme parameters e.g., SkI1-6, SLy1-10, SKX and SkO [2, 3, 4, 5, 6, 7] were obtained by fitting HF results to the experimental data on the bulk properties of nuclei ranging from the β−stable nuclei to those near the proton and/or neutron drip lines. In the SKX interaction, to yield appropriately the values for the binding energy differences between mirror nuclei also referred to as the Coulomb displacement energy (CDE), the contribution of the Coulomb exchange term in the HF equations is ignored and the direct Coulomb term is evaluated by replacing the point proton distribution by its charge distribution. However, it has been further shown in Ref. [8] that the SKX interaction is not suitable for studying the properties of neutron stars. Since, for the SKX interaction, the quantity
which is directly related to the slope of the symmetry energy coefficient S, becomes negative for nuclear matter densities ρ well below 3ρ 0 (ρ 0 = 0.16 fm −3 is the saturation density). On the other hand, the SkI1-6, SLy1-10 and SkO Skyrme interactions are found to be suitable for the study of neutron stars [8] . But, these families of Skyrme interactions significantly underestimate the values of the CDE for mirror nuclei, since the Coulomb exchange term was included. Thus, it is desirable to have a unified interaction which includes the merits of several families of the Skyrme interactions as mentioned above. One can further enhance the applicability of the Skyrme type effective nucleon-nucleon interaction by imposing certain constraints as discussed below.
The aim of this work is twofold. We implement, for the first time, the simulated annealing method (SAM) [9, 10] to fit the values of the Skyrme parameters and develop a more realistic Skyrme type effective interaction. The SAM is an elegant technique for optimization problems of large scale, in particular, where a desired global extremum is hidden among many local extrema. This method has been found to be an extremely useful tool for a wide variety of minimization problems of large non-linear systems in many different areas of science (e.g., see Refs. [11, 12, 13] ). Very recently [14, 15] , the SAM was used to generate some initial trial parameter sets for the point coupling variant of the relativistic mean field model. In the present context, we use the SAM to determine the values of the Skyrme parameters by searching for the global minimum in the hyper-surface of the χ 2 function given as, (2) where, N d and N p are the number of experimental data points and the number of fitted parameters, respectively, σ i is the theoretical error and M 2) is calculated using the HF approach with a Skyrme type effective nucleon-nucleon interaction.
Toward the purpose of obtaining a more realistic parameterization of the Skyrme interaction, we apply the SAM to fit the HF results to an extensive set of experimental data for the binding energy, charge radii, spin-orbit splitting and root mean square (rms) radii of valence neutron orbits. Our data set used in the fit consists of 14 spherical nuclei, namely, 16 O, 24 O, 34 Si, 40 Ca, 48 Ca, 48 Ni, 56 Pb nuclei. In addition, we include in the fit, the critical density ρ cr which is determined from the stability conditions for the Landau parameters. [16, 17] . We further constrain the values of the Skyrme parameters by requiring that (i) the quantity P must be positive for densities up to 3ρ 0 ; a condition imposed by neutron star models [8] , (ii) the enhancement factor κ, associated with the Thomas-Reiche-Kuhn (TRK) sum rule for the isovector giant dipole resonance, lies in the range of 0.1 − 0.5 [3, 18, 19, 20] and (iii) the Landau parameter
, crucial for the spin properties of finite nuclei and nuclear matter, should be positive at ρ = ρ 0 [20, 21] . We also provide simple but consistent schemes to account appropriately for the CDE and the center of mass corrections to the binding energy and charge radii. In order to check the reliability of the proposed Skyrme interactions for the study of high density matter, we have examined in detail the behavior of the symmetry energy and the nature of the equation of state (EOS) for pure neutron matter at densities relevant for the neutron star models.
We have organized our paper as follows. In Sec. II we briefly outline the form of the Skyrme nucleon-nucleon (NN) effective interaction and the corresponding energy density functional adopted in the present work. In this section, we also provide a viable strategies for the calculations of CDE and the center of mass corrections to the total binding energy and charge radii. In Sec. III we provide the relations between the Skyrme parameters and the various nuclear matter properties, which we have used to implement the SAM algorithm as described in Sec. IV. The set of the experimental data along with the theoretical errors and the constraints used in the fit to determine the values of the Skyrme parameters are given in Sec. V. In Sec. VI we present our results for the two different fits carried out in this work. Finally, in Sec. VII we summarize our main results and discuss the scope for the further improvement of the present work.
II. SKYRME ENERGY DENSITY FUNCTIONAL
In this work we adopt the following form for the Skyrme type effective nucleon-nucleon interaction [1, 3] ,
where, t i , x i , α and W 0 are the parameters of the interaction and P σ 12 is the spin exchange operator, − → σ i is the Pauli spin operator,
Here, the right and left arrows indicate that the momentum operators act on the right and on the left, respectively. The corresponding mean-field V HF and the total energy E of the system are given by,
where, the Skyrme energy density functional H(r), obtained using Eq. (3), is given by [1, 3] , 
Here, ρ = ρ p +ρ n , τ = τ p +τ n , and J = J p +J n are the particle number density, kinetic energy density and spin density with p and n denoting the protons and neutrons, respectively. We have used the value of 2 /2m = 20.734 MeVfm 2 in our calculations. We would like to emphasize that we have included the contributions from the spin-density term as given by Eq. (11) which is ignored in many Skyrme HF calculations. Although the contributions from the Eq. (11) to the binding energy and charge radii are not very significant, they are very crucial for the calculation of the Landau parameter G ′ 0 [22] .
A. Coulomb energy
The contribution to the energy density (Eq. (5)) from the Coulomb interaction can be written as a sum of a direct and an exchange terms,
For the direct term it is common to adopt the expression
and for the corresponding exchange term to use the Slater approximation [23] ,
It is very important to emphasize that the definitions of Eqs. (13) and (14) are not for the bona fide direct and exchange terms, since each of them includes the contributions of the self-interaction, which appear in opposite signs and cancel out in Eq. (12) . Note, in particular, that the direct term of Eq. (13) is proportional to Z 2 and not to Z(Z − 1), as it should be for a direct term, see a detailed discussion in Ref. [24] . We point out that for the CDE of mirror nuclei the magnitude of the self interaction term is CDE/(2Z), i.e., one has a spurious increase in the calculated CDE of about 6.3% and 2.5% for the A=17 and 41
systems of mirror nuclei, respectively.
We recall that within the mean-field approximation, adjusted to reproduce the experimental values of the charge rms radii, the calculated CDE of analog states (obtained using
Eq. (12)) are smaller than the corresponding experimental values by about 7%. It was first shown in Ref. [25] that this discrepancy, also known as the Nolen-Schiffer anomaly [26] , can be explained by taking into account the contributions due to long range correlations (LRC) and due to the charge symmetry breaking (CSB) in the NN interaction, see also Ref. [27] . We add that for the mirror nuclei with A=17 and A=41, the LRC and the CSB each accounts for about half of the discrepancy between theory and experiment. Also, the magnitude of the bona fide exchange Coulomb term is about the same as that due to LRC, but with opposite sign. Therefore, neglecting the bona fide Coulomb exchange term does not resolved the discrepancy between theory and experiment, but can account for the contribution of LRC. We add that in Ref. [28] , it was shown that by ignoring the Coulomb exchange term in the form of of Eq. (14) to the radii. However, the CM corrections to the rms radii for light nuclei may be as large as 2% [24] . In the present work we shall consider the CM corrections to the binding energy as well as charge rms radii used to fit the Skyrme parameters.
To account for the CM correction to the total binding energy, one must subtract from it the so-called CM energy given as,
where,P = −i , in the kinetic energy term. In this case, the effects of neglecting the two-body part of Eq. (15) are compensated by renormalization of the force parameters. This may induce in the forces an incorrect trend with respect to A which becomes visible in the nuclear matter properties. In fact, it is found in Ref. [29] that an over simplified treatment of E CM obtained by renormalizing the nucleon mass appearing in the kinetic energy term leads to a larger value of the surface energy coefficient than those obtained using the full CM correction. This gives rise to differences in the deformation energy which becomes quite pronounced for the super deformed states. Very recently [17] , we also find that a large value of the surface energy coefficient yield a smaller value for the critical density. Thus, an appropriate and still simple scheme to evaluate Eq. (15) is highly desirable. We note, however, that the SLy6, SLy7 and SLy10 interactions [4] have been obtained by evaluating Eq. (15) ( i.e., including the one and two-body CM terms of Eq. (15)). In the harmonic oscillator (HO) approximation, E CM of Eq. (15) is given by,
A value of ω = 41A −1/3 MeV is used in many relativistic mean-field calculations [30, 31] .
An improved version for the CM correction can be obtained by modifying the oscillator frequency as ω = 45A −1/3 − 25A −2/3 MeV, which has been used in Ref. [5] to obtain the SKX interaction. Here, we employ a simple but more consistent scheme to evaluate the E CM using the HO approximation. We determine the oscillator frequency ω appearing in Eq. (16) using the mean square mass radii r 2 calculated in the HF approach as,
where, the sum runs over all the occupied single-particle states for the protons and neutrons and N i is the oscillator quantum number. We emphasize that this scheme is quite reliable even for the nuclei away from the β-stable line where the values of the rms radii deviate from the A 1/3 law. We have calculated the total binding energy for the SLy7 interaction using our simple scheme for the CM correction, Eq. (17), and compare them with those given in Ref.
[4], obtained by using one-body and two-body parts of the Eq. (15 [4] . This clearly indicates that the CM correction to the binding energy can be reliably estimated using Eq. (17) . We would also like to remark, however, that the E CM calculated using the oscillator frequency as
MeV in Eqs. (16) overestimates the value of binding energy in light nuclei (e.g., 16 O and 40 Ca) by about 1 − 2 MeV which is quite significant.
The mean-square radius for the point proton distribution corrected for the CM motion is obtained as [24] ,
where, ν = mω/ is the size parameter. Therefore, the corresponding mean-square charge radius to be fitted to the experimental data is obtained as,
where, r 2 p and r 2 n are the mean-squared radii of the proton and neutron charge distributions, respectively. The last term in Eq. (19) is due to the spin-orbit effect [32] . We use, 
C. Determination of the critical density
We use the stability conditions of the Landau parameters for the symmetric nuclear matter and pure neutron matter to calculate the critical density ρ cr for the Skyrme type effective nucleon-nucleon interactions. The stability conditions are given as [34] ,
where, A l stands for the Landau parameters F l , F 
(l = 0, 1) for the pure neutron matter. Each of these parameters must satisfy the inequality condition given by Eq. (20) . Explicit expressions for the Landau parameters in terms of the Skyrme parameters can be found in Refs. [16, 35] . The critical density is nothing but the maximum density beyond which at least one of the Landau Parameter does not satisfy Eq. (20) . Following Ref. [16] , one can obtain the values of the Landau parameters at any density for a given set of the Skyrme parameters. Thus, for a given set of Skyrme parameters one can easily obtain the value of ρ cr . As mentioned in Sec. I, we include ρ cr in the fit.
D. Breathing mode energy
We also include in our fit the experimental data on the breathing mode energy for several nuclei. We consider the fully self-consistent values for the breathing mode constrained energy defined as,
where m k are the energy moments
of the strength function
for the monopole operator
The moments m k for k = −1 and 1 appearing in Eq. (21) can be obtained using the constrained HF (CHF) and the double commutator sum rule, respectively [36, 37, 38] . The moment m 1 can be expressed in terms of the ground state density ρ as,
where,
As described in detail in Ref. [36, 37, 38] , m −1 can be evaluated via the CHF approach and is given as,
where, r 2 λ = Φ λ |r 2 | Φ λ , with Φ λ being the HF solution to the constrained HF Hamiltonian H − λf .
III. SKYRME PARAMETERS AND NUCLEAR MATTER PROPERTIES
In this section we discuss the relationship between the Skyrme parameters and the various quantities describing the nuclear matter. In the next section we use these relations to implement the SAM algorithm. The Skyrme parameters t i , x i and α for a fixed value of W 0 can be expressed in terms of the quantities associated with the symmetric nuclear matter as follows [3, 16, 39] .
and
In Eqs. (27) - (35), the various quantities characterizing the nuclear matter are the binding energy per nucleon B/A, isoscalar effective mass m * /m, nuclear matter incompressibility
, enhancement factor κ and Landau parameter G ′ 0 . All these quantities are taken at the saturation density ρ nm . It must be pointed out that the expression for the parameter (29) includes the contributions from the spin-density term present in the Skyrme energy density functional [22] . So, for consistency, the HF calculations are also performed by including the contributions from the spin density. Once, T 0 is known, T s can be calculated for a given value of the surface energy E s as [16] ,
where, B(ρ)/A is the binding energy per nucleon given by,
and,
The manner in which Eqs. (27) - (35) can be used to evaluate the Skyrme parameters t i ,
x i and α is as follows. At first, the parameters t 0 and α can be calculated in terms of B/A, ρ nm , K nm and m * /m, using Eqs. (27) and (35) . Then, the parameter t 3 can be determined using Eq. (30) . Next, T 0 and T s can be calculated using Eqs. (36) and (39), respectively.
Once, the combinations T 0 and T s of the Skyrme parameters are known, one can calculate the remaining parameters in the following sequence, t 1 , t 2 , x 2 , x 1 , x 3 and x 0 .
IV. SIMULATED ANNEALING BASED ALGORITHM FOR THE MINIMIZA-TION OF χ 2
The simulated annealing method (SAM) is a generalization of a Monte Carlo technique, based on the Metropolis algorithm [40] , initially developed for examining the equation of the state of a many body system. The concept of SAM is based on the manner in which liquids freeze or metals recrystallize in the process of annealing. In an annealing process a metal, initially at high temperature and disordered, slowly cools so that the system at any time is in a thermodynamic equilibrium. As cooling proceeds, the system becomes more ordered and approaches a frozen ground state at zero temperature.
With this brief background, we shall now implement the SAM to search for the global minimum of χ 2 function as given by Eq. (2). One of the crucial key ingredients required to implement the SAM, in the present case, is to specify the lower and the upper limits for each of the Skyrme parameters. So that the global minimum for the χ 2 is searched within these limits. However, from the literature (e.g., see Refs. [8, 39] ) we find that the Skyrme parameters vary over a wide range. To make the search process more efficient, we make use of the fact that most of the Skyrme parameters can be expressed in terms of the various quantities related to the nuclear matter properties as described in Sec. III. Most of these nuclear matter quantities are known empirically within 10% − 20%. For convenience, we define a vector v with 10 components as, (ii) We generate randomly a new set of Skyrme parameters using the following steps. First, we use a uniform random number to select a component v r of the vector v. Second, the randomly selected component v r is then assigned a new value,
where η is a uniform random number which lies within the range of −1 to +1. The (iii) The newly generated set of the Skyrme parameters is accepted by using the Metropolis algorithm as follows. We calculate the quantity,
where χ 2 new is obtained by using the newly generated set of the Skyrme parameters and T is a control parameter (an effective temperature). The new set of Skyrme parameters is accepted only if,
where β is a uniform random number which lies between 0 and 1. Cauchy annealing schedules [13] . Among these, the Boltzmann annealing schedule is the slowest one and the exponential annealing schedule is the fastest one. In the present work we have employed the Cauchy annealing schedule given by,
where, c is a constant, which is taken to be unity in the present work, and k = 1, 2, 3, ..... is the time index. We keep on reducing the value of T using Eq. (47) in the subsequent steps until the effort to reduce the value of χ 2 further becomes sufficiently discouraging.
In Table I Table I are so chosen that they vary within acceptable limits [17] .
V. EXPERIMENTAL DATA AND SOME CONSTRAINTS
In this section we discuss our selection of the experimental data and the corresponding theoretical errors adopted in the χ 2 fit, Eq. (2), to the HF results. In Table II we summarize our choice of the experimental data. It must be noted that in addition to the typically used data on the binding energy, charge radii and spin-orbit splitting, we also include in our fit the experimental data for the radii of valence neutron orbits and the breathing mode energies of several nuclei. All of these experimental data are taken from Refs. [41, 42, 43, 44, 45, 46, 47] .
For the binding energy we use in our fit the error of 1.0 MeV except for the 100 Sn nuclei. (48) where, ǫ is the "bare" single-particle energy obtained by unfolding the experimental data for the energy levels in 57 Ni and 57 Cu nuclei by appropriately accounting for the coupling to excitations of the core. Of course, it is more appropriate to use the splitting of high l orbits in a heavy nucleus (e.g., 208 Pb nucleus) to determine the strength of the spin-orbit interaction. But, to the best of our knowledge, unlike for the 56 Ni nucleus the bare singleparticle energies for the heavier nuclei are not available. For the rms radii of the valence neutron orbits in 17 O and 41 Ca nuclei we use r v (ν1d 5/2 ) = 3.36 fm and r v (ν1f 7/2 ) = 3.99 fm, [44, 45] respectively. The theoretical error taken for the spin-orbit splitting data is 0.2 MeV and for the rms radii for the valence neutron orbits we use the experimental error of 0.06 fm.
We must point out that the choice of the theoretical error on the rms radii for the valence neutron orbits is due to the large uncertainties associated with their extraction from the experimental measurements. To be consistent with the way these valence neutron radii are determined, we do not include the center of mass correction to these data. The experimental data for the breathing mode constrained energies E 0 included in our fit are 17. We also include the critical density ρ cr in the fit assuming a value of 2.5ρ 0 with an error of 0.5ρ 0 . Further the values of the Skyrme parameters are constrained by requiring that (i)
In the preceding sections we have described in detail the implementation of the SAM based algorithm to fit the values of the Skyrme parameters to a given set of the experimental data considered in this work. We have carried out two different fits. These fits are carried out by using the same set of experimental data along with some constraints as discussed in Sec. V.
We name these fits as,
1. KDE0; only the direct Coulomb term in the form of Eq. (13) is included.
2. KDE; the direct as well as the exchange Coulomb terms are included (Eqs. (12)- (14)).
The CM corrections to the total binding energy, Eqs. (16) and (17), and the charge rms radii, Eqs. (18) and (19), are carried out using the schemes described in Sec. II B.
We shall first consider some technical aspects required to implement the SAM. As it is evident from Sec. IV, there are two crucial ingredients, namely, (i) initial value for the control parameter T = T i and (ii) annealing schedule which determines the subsequent value for T .
These ingredients essentially controls the computer time and the quality of the final fit. If one starts with a smaller value for T i and/or uses a faster annealing schedule, one may not be able to hit the global minimum of the objective function and rather get trapped in one of the local minima. In the present work we have employed the Cauchy annealing schedule. We have carried out several trial calculations and find that T i = 1.25, along with the Cauchy's annealing schedule as given by Eq. (47), yields reasonable values for the best fit parameters.
To validate the present approach we carried out the following checks. Starting with the final values of the Skyrme parameters obtained using the SAM, we attempted to minimize further the value of χ 2 using the Levenberg-Marquardt (LM) method [10] as conventionally used. But, we found no further decrease in the value of the χ 2 . As an illustration, we plot in Fig. 1 the average value χ 
T as an inverse function of T . We see that the fluctuations in the value of χ 2 is large for larger values of T . As T decreases, fluctuations in the value of χ 2 also decrease rapidly. This means that initial value for T should not be too small, because, at smaller T it is less likely to jump from a configuration with lower value of χ 2 to one having higher value. As a result, one may get trapped in a local minima. In Table   III In Table IV we give the values for the various quantities characterizing the nuclear matter obtained at the minimum value of the χ 2 . We also note that the values of all the nuclear matter properties for the KDE0 and KDE Skyrme interaction are closer to those obtained for the SLy7 interaction. However, it is worth mentioning that the values of the K nm and m * /m for both the interactions generated here emerge from the fit, unlike the SLy type interactions where the values for these quantities were kept fixed. In our fits, the values of the K nm and m * /m are mainly constrained by the inclusion of the experimental data on breathing mode energy and the value of critical density ρ cr = 2.5ρ 0 ± 0.5ρ 0 [16, 17] . In the last row of this table we give the values of χ 2 at the minimum. For the sake of completeness, we list in Table V the values of the Skyrme parameters obtained in the fits. One can easily calculate the values of these Skyrme parameters using the various nuclear matter quantities given in Table IV as described in Sec. III. In Table V we also give in parenthesis the values of the standard deviations for the Skyrme parameters. Since, within the SAM algorithm one can not calculate these standard deviations in a straight forward manner, we resort to some alternative approach. We have determined the values of the standard deviations on the parameters for the KDE0 and KDE interactions using the LM method. The LM method requires two inputs, namely, set of the experimental data and the starting values of the interaction parameters. The set of experimental data is taken to be exactly the same as the one used to generate the KDE0 and KDE interactions. The starting values of the interactions parameters used are the ones obtained using SAM for the KDE0 and KDE interactions.
In Table VI we present our results for the deviation ∆B = B exp −B th for the values of the binding energy obtained from the newly generated KDE0 and KDE interactions. Similar deviations ∆r ch for the charge rms radii are presented in Table VII . For comparison, in the last columns of these Tables we give the values of ∆B and ∆r ch for the SLy7 interaction, taken from Ref. [4] . One can easily verify from Table VI that the magnitude of the deviations for the binding energy for most of the cases is much less than 0.5% in case of KDE0 interaction.
The KDE interaction yields larger error in the values of the binding energy (∼ 0.6 − 1.0%)
for the 16 O, 48 Ni and 100 Sn nuclei. We would also like to remark here that in determining the SKX interaction, the binding energy for the 56 Ni nucleus was not considered in the fit and that for the 100 Sn nucleus was included in the fit with the theoretical error of 1.0 MeV.
We find that if one attempt to do so, the binding energy for the 56 Ni becomes off by more than 3 MeV. We see from Table VII that, except for the 16 O and 48 ca nuclei, the deviations in the values of the charge rms radii for the KDE0 interaction is less than 0.5%. In addition to the binding energy and the charge rms radii of the nuclei used in our fits, we have also considered a few more experimental data as discussed in Sec. V. In Tables VIII and IX we present our results for these additional quantities. The values of ρ cr is greater than 2ρ 0 .
The values for the radii of valence neutron orbits and the spin-orbit splittings considered in our fits are quite reasonable for all the interactions considered here. It can be seen from We present in Table X our results for the neutron skin, r n − r p , the difference between the rms radii for the point neutrons and protons density distributions, for the KDE0 and KDE interactions. We compare in Tables XI and XII the values of the single-particle energies with the available experimental data for the 40 Ca and 208 Pb nuclei [48, 49] , respectively. We find that the single-particle energies, for the occupied states near the fermi-energy compare reasonably well with the experimental ones. We would like to remark here that the HF approach alone is not expected to reproduce the experimental single-particle energies and there fore we have not included them in our fit.
Finally, we consider the behavior of the symmetry energy coefficient S(ρ) for densities relevant to the study of neutron stars. It is well known [50, 51] that the values of S(ρ) and the resulting EOS for pure neutron matter at higher densities (ρ > 2ρ 0 ) are crucial in understanding the various properties of neutron star. For example, the proton fraction at any density depends strongly on the value of S(ρ) at that density, which in turn affects the chemical compositions as well as the cooling mechanism of the neutron star [52] . Yet, no consensus is reached for the density dependence of S(ρ). We display in Fig. 3 , our results for the variation of the symmetry energy S as a function of the nuclear matter density ρ. We see for the KDE0 and KDE interactions that the value of S increases with density for ρ < 3ρ 0 .
All of these interactions are quite suitable for modeling the neutron star with masses close to the canonical one [8] , because, they yield S > 0 for ρ < 4ρ 0 . In Fig. 4 we plot the EOS for the pure neutron matter resulting from the KDE0 and KDE interactions and compare them with the ones obtained for SLy7 interaction and the realistic UV14+UVII model [53] .
It is striking to note that our results for the KDE0 and KDE interactions are in harmony with the EOS for the UV14+UVII model, though, unlike the SLy7 interaction we did not include in our fit the neutron matter EOS of the realistic UV14+UVII interaction. This seems to be due to the constrain imposed on the quantity P , which is related to the slope of the symmetry energy coefficient (see Eq. (1)).
VII. CONCLUSIONS
We have implemented the simulated annealing method to fit the values of the parameters of the Skyrme interaction of Eq. (3) We also include in the fit the critical density ρ cr determined from the stability conditions for the Landau parameters. The additional constraints imposed on the Skyrme parameters are (i) the quantity P = 3ρ Using these experimental data along with the additional constrains, we have carried out two different fits named as KDE0 and KDE, as described in Sec. VI. The corrections to the binding energy and charge rms radii due to the center of mass motion were performed using simple but consistent schemes. The nuclear matter properties for both interactions proposed in the present work are obtained directly from the fit. The selection of the experimental data in conjugation with some constraints ensures that these interactions can be used to study the bulk ground state properties of nuclei ranging from the stable to the ones near the proton and neutron drip lines, as well as the properties of neutron stars. The interactions obtained in the present work encompasses the merits of the SKX and SLy type of Skyrme interactions.
Before closing, we would like to mention that the method as well as the fitting strategy presented in this work can be improved in several ways. The SAM is a very adaptive approach and therefore it offers a significant scope for further improvement. For example, in the present work we jump from one configuration to another by randomly selecting a component of the vector v as defined by Eq. (43). This selection was done using a uniform random number. However, one can think of performing random selection of a component of v by assigning a more plausible weight factors to these components. One can also try out different annealing schedules to determine the rate of cooling. In the present work we employed the Cauchy annealing schedule which yields a faster cooling rate than that of the Boltzmann schedule, but, a slower rate than the exponential annealing schedule. The effects be included in the fit. These effects are in particular important for the light nuclei. One may also include in the spin-orbit splitting the contributions due to the electromagnetic spin-orbit interaction [46] and modify the spin-orbit interaction by using the form proposed by Sagawa in Ref. [57] . Last but not least, one may also include the experimental data on the giant dipole and quadrupole resonances while fitting the Skyrme parameters in addition to the breathing mode energy, as was done in the present work. The experimental values ( and the theoretical error σ) used in the fit to determine the Skyrme parameters are taken as follows: for the ρ cr we assume a value of 2.5ρ 0 (σ = 0.5ρ 0 ), the values of r v were taken from Ref. [44, 45] (σ = 0.06 fm) and the spin-orbit in 56 Ni were taken from Ref. [46] (σ = 0.2 MeV). In columns 3 − 6 we give the results obtained from our new fits. 
